Introduction
Stainless steel has been widely used in manufacture field, especially in railway car manufacture, to reduce weight and improve performance. The preferred fabrication method is resistance spot welding (RSW) because of its simple and cheap operation. However, RSW has minor drawbacks of inconsistent quality from weld to weld, as weld quality is affected by various process conditions, noise and errors. 1) In order to increase the reliability for each spot and to reduce the risk of part failure, weld quality estimation is crucial. A number of previous studies had been conducted in the past to perform destructive and nondestructive inspection of the welds. However, these still have challenges when employed in real time monitoring weld quality in a production environment.
In order to monitor the quality of the RSW process, various electrical and mechanical variables have been studied, such as welding current, electrode voltage, dynamic resistance and electrode displacement. [2] [3] [4] [5] [6] Among these variables, the dynamic resistance and electrode displacement provide the most significant piece of information concerning the nugget formation and its growth in both the coated and the uncoated steel. The dynamic resistance, which is easily obtained, can be used in a production environment, while the electrode displacement is more suitable for a research environment. Dickinson et al. 7) designed a monitoring device to simultaneously record the voltage, current, power and resistance and observed the relationship between the dynamic resistance and the phenomena occurring during spot weld formation (surface breakdown, asperity collapse, heating of the work pieces, molten nugget formation, nugget growth, and mechanical collapse), based on the pattern changes of the dynamic resistance. Cho et al. 8) examined the nugget formation mechanism in resistance spot welding and its effect on the welding process parameters by using a digital high speed camera. It was confirmed that the nugget formation had direct effect on the change in the dynamic resistance, so the information on the nugget could be obtained easily if the pattern or changes in the dynamic resistance was examined by online monitoring during the welding process. Thus, weld quality estimation in real time was made possible. Cho and Rhee 9) developed a quality estimation system of resistance spot welding by using Hopfield neural network, which classified the pattern vectors of dynamic resistance and utilized them to estimate weld quality. PQSweld system developed by Harms & Wende GmbH & Co KG is a monitoring system of weld process. It stores the dynamic resistance curves of known spots, on which destructive tests shall be carried out to form tolerance limits Resistance spot welding (RSW) is one of the most widely used processes in sheet metal fabrication. Although used in mass production for several decades, RSW has a major problem of inconsistent quality from weld to weld, which results from both the complexity of basic process as well as from various process conditions, noise and errors. There have been a number of investigations on monitoring and controlling the resistance spot welding of low carbon steel by using dynamic resistance, but those for stainless steel are limited because the dynamic resistance has descent property. Dynamic resistance curve in spot welding for low carbon steel has a typical shape: the resistance drops sharply at the beginning, and then rises; before the current is terminated, the resistance starts to drop, which results in a peak. Unlike low carbon steel, dynamic resistance for stainless steel decreases rapidly at the beginning and then decreases at a reducing rate.
The objective of this research is to explore the effects of various process conditions in spot welded stainless steel on quality by using dynamic resistance. The process conditions studied in this research are chosen to be the most often observed in production, such as variations of welding parameters, edge weld, small weld spacing, poor fitup and axial misalignment. A series of experiments will be conducted to research how process conditions affect the dynamic resistance. The results show that dynamic resistance responds well to the variations of process conditions and can serve as an important indicator of weld quality.
KEY WORDS: weld quality; stainless steel; dynamic resistance; process conditions. of theoretical dynamic resistance curve. Quality error is identified by the monitored result, the similarity between the actual and theoretical curves.
Although there have been a number of investigations on monitoring and controlling the resistance spot welding of low carbon steel by using dynamic resistance, those for stainless steel are limited. The objective of this research is to explore the effects of various process conditions in spot welded stainless steel on weld quality by studying how various process conditions affect the dynamic resistance, which has been shown to accurately reflect the formation and growth of a weld nugget. In this study, a data acquisition system for monitoring the dynamic resistance is established, and a series of experiments are conducted to research the effects of various process conditions on dynamic resistance for stainless steel.
Experimental Procedures
A data acquisition system ( Fig. 1) was set up to measure welding current by a toroidal coil attached to the lower electrode and electrode voltage between two tips. The signal conditioning box includes isolation amplifier for the voltage signal and integration for the current signal. The sampling rate of A/D card was set at a rate of 10 kHz per channel. These signals acquired from A/D card were processed and analyzed by a software programmed by Cϩϩ language, and the dynamic resistance was then calculated from the electrode voltage and the welding current. Figure 2 shows the dynamic resistance curve during spot welding of stainless steel.
The experiments were conducted on TDZ-3X100 threephase secondary rectifying spot welder. The material used in this research was SUS304 steel, 0.85 mm in thickness. Nugget size was used as a quality measure because it has good correlation to the weld strength (tensile, tensile-shear, and impact strength) and is widely used in industry.
The process conditions studied in this research are chosen to be the most often observed in production, such as variations of welding parameters, edge weld, small weld spacing, poor fitup and axial misalignment. Figure 3 shows the abnormal process conditions in resistance spot welding. In the figure, s is the distance between the centerline of the electrodes and the edge of the parts (Fig. 3(a) ); poor fitup is created by inserting a piece of wire with a diameter D at a distance t from the centerline of the electrodes (Fig. 3(b) ); d is the distance between the axes of the upper and lower electrodes.
Results and Discussion

Effects of Welding Parameters on Dynamic Resis-
tance Curve In order to examine the effect of welding current on the dynamic resistance curve, spot welds were made with the welding current varying from 4 to 10 kA. The dynamic resistance curves obtained from these welds are presented in Fig. 4 . As welding current is increased, the rate of resistance decrease in the first two cycles increases. Also, as the current increased, there is a decrease in the resistance level. Weld expulsion occurs when the current reaches 10 kA and the resistance drops suddenly at the third cycle owing to the occurrence of expulsion. This drop is the result of mechanical collapse around the nugget reducing the effective thickness of the material and the increased effective contact area provided by the expelled metal tapped between the sheets. Therefore, the expulsion can be marked by a sharp drop in the dynamic resistance curve. Figure 5 shows the relationship between nugget diameter and the endpoint value of resistance curve at different currents with no expulsion. It can be seen that the endpoint value of resistance curve has strong correlation with nugget diameter. In this research, the effect of electrode force on the dynamic resistance curve was also determined, and dynamic resistance curves at electrode forces of 2 400 N, 3 200 N and 4 000 N are presented in Fig. 6 . It can be seen that lower electrode force induces a general increase in the resistance level. Lower electrode force results in smaller area of electrical contact, the contact resistance and current density increase, so the rate at which energy is supplied to the weld (PϭI 2 R) also increases. Therefore, lower electrode force favors a larger nugget diameter. The relationship between nugget diameter and the endpoint value of resistance curve at different force is shown in Fig. 7 , and there is also a strong correlation between nugget diameter and the endpoint value of resistance curve. However, the nugget diameter under different electrode forces increases as the endpoint value increases, while that under different welding currents decreases (Fig. 5) . Therefore, the endpoint value of dynamic resistance curve, together with other signals such as welding current, electrode force, etc., can be used as an input to the quality assurance system for resistance spot welding.
Effects of Abnormal Process Conditions on Dy-
namic Resistance Curve A series of experiments were conducted to research how abnormal process conditions affect the dynamic resistance.
Weld nugget forming is greatly influenced by the heating process resulting from the Joule and the cooling process of the surroundings coming from conductive heat loss through the electrodes and parts. As edge distance s decreases, cooling rate decreases and therefore the heating rate increases, that is why the descent value in dynamic resistance with 5 mm edge distance is larger than that with 9 mm. Expulsion occurs when edge distance s is 3.5 mm, because the distance between the centerline of the electrodes and the edge of the parts is so small that part of molten metal between the metal sheets spouts from the metal sheet edge. When edge distance s is 2 mm, expulsion occurs twice for one spot weld and there is a sharp drop in dynamic resistance for each expulsion. Figure 8 shows dynamic resistance curves for different edge distances.
Weld spacing is the distance between centerlines of two adjacent welds, and the minimum value mainly depends on the thickness, conductivity, surface cleanliness of the metal sheet and the needed nugget size. The weld spacing used in production must exceed the minimum value to avoid shunt current, which lowers nugget size or even results in incomplete penetration because of decreased current density and underheating in weld field. Figure 9 shows the dynamic resistance curves for different weld spacings. The dynamic resistance with 8 mm weld spacing is lower than that with 16 mm, and it is resulted from the shunt current with small weld spacing.
Poor fitup makes the two sheet metal parts initially separated. When Dϭ2.5 mm, tϭ20 mm, the fitup gas between metal sheets is small and can be eliminated by electrode force, so the dynamic resistance under this condition is similar to that under fine fitup condition on the whole. When Dϭ4 mm, tϭ20 mm, the effective electrode force decreases and becomes uneven due to large fitup gas, so the rate and area of plastic deformation decrease and an expulsion occurs, which can be identified by the sharp drop in dynamic resistance curve (Fig. 10) . Therefore, fitup gas must be controlled in production. The axes of the upper and lower electrodes deviate from each other by the distance d (Fig. 3(c) ). The dynamic resistance curves obtained with distance d varying from 0 to 3 mm are presented in Fig. 11 . With the higher distance d, a general increase in resistance level is seen, and weld expulsion occurs when d reaches 3 mm. Because the current density increases under axial misalignment condition owing to the decreased contact field between electrode and metal sheet, nugget diameter increases from 5.0 to 5.5 mm with the distance d changing from 0 to 2 mm, but nugget diameter drops to 4.7 mm because of weld expulsion when the distance d is 3 mm. Therefore, although the axial misalignment condition may help increase weld nugget in some cases, it generally leads to a less robust process such as weld expulsion.
Conclusions
(1) A data acquisition system was developed to monitor the dynamic resistance in spot welded stainless steel.
(2) When the expulsion occurs, the dynamic resistances signal experiences a sudden drop. Thus monitoring the dynamic resistance signal can give an indication of whether there is expulsion in the finished weld.
(3) Both lower welding current and lower electrode force induce a general increase in the resistance level. The endpoint value of resistance curve has strong correlation with nugget diameter with different welding current or electrode force.
(4) The effects of various abnormal process conditions, including edge weld, small weld spacing, poor fitup and axial misalignment, on dynamic resistance were systematically investigated. Although the abnormal process conditions may help increase weld nugget in some cases, they generally lead to a less robust process such as weld expulsion. Expulsion readily occurs under the condition of edge weld, poor fitup or axial misalignment.
(5) Dynamic resistance signal responds well to the variations of process conditions and provides plenty of quality information. Monitoring the dynamic resistance should thus enable better weld quality to be achieved.
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